Male Sprague-Dawley rats were injected subcutaneously with 0.6 mg cadmium (Cd)/kg/day for 8 wk. The subsequent changes in renal proximal tubules were studied histologically, histochemically, and ultrastructurally. The urinary and tissue Cd concentrations were determined by atomic absorption spectrophotometry.
INTRODUCTION
Cadmium (Cd) is a toxic agent that impairs the function of renal proximal tubules (22, 26, 31, 37, 38). For example, "itai-itai disease," which occurred endemically in a specific district of Japan, was a form of Cd poisoning manifested clinically by signs of renal tubular dysfunction such as proteinuria, glucosuna, and aminoaciduria (38). Many expenmen: tal studies have demonstrated urinary excretion of enzymes, proteins, and Cd, indicating that Cd exposure induces tubular damage (23, 28, 32, 36). However, the histopathological features of this form of renal injury are not fully understood, and the relationship between the histopathological changes m d urinary Cd excretion has rarely been investi-Zated.
Recently, Iwai and Matsuno (17) and our group (1 5) have shown that chronic Cd exposure induces apoptosis and subsequent regeneration of the renal tubular epithelium in rats and beagle dogs, respec-. t.fvely. . :. ... Apoptosis, a distinctive form of cell death, which occurred in various tissues under certain physiological or pathological conditions (30, 40), differs obviously from necrosis. Thus, since apoptosis may be one of the main features of Cd intoxication, it seems necessary to conduct more effective studies on the phenomenon in the tubular epithelium after exposure to higher doses of Cd.
The purpose of the present study is to clarify the mode and role of apoptosis and subsequent epithelial regeneration of kidney proximal tubular cells in rats with Cd intoxication and to evaluate the role 34 1 TOXICOLOGIC PATHOLOGY of cell deletion in urinary Cd excretion after apoptosis.
MATERIAW AND METHODS Animals. Male Sprague-Dawley rats (Kyudo, Japan) were quarantined for 1 wk after purchase. At 10 wk ofage (body weight 350 -t-30 g), experimental rats were injected subcutaneously with a daily dose of 0.6 mgCd/kg body weight (as a solution of cadmium chloride in distilled water), 6 times per week for up to 8 wk. Control rats were given physiological saline (1 .O ml/kg body weight). All rats were housed in an environment maintained at 21-25°C with 45-55% relative humidity and a 12-hr lightldark (7 AM to 7 PM) cycle and were given a commercial diet (CE-2 containing 24.9% protein; CLEA, Japan) and tap water ad libitunt.
Preparatioii of Tissue Santples. Three rats (2 experimental, 1 control) were sacrificed every week from 1 to 3 wk into the experimental period, and 6 rats (4 experimental, 2 control) were sacrificed every
week from 4 to 8 wk. Half of the rats in the groups of 4-8-wk exposure were injected with 120 mg/kg bromodeoxyuridine (BrdU; Yamasa, Japan) intraperitoneally 30 min before sacrifice to investigate the synthesis of DNA in renal tissue. Each rat was killed under general anesthesia by inhalation ofethyl ether, and the kidneys were removed rapidly. Morphological Sttidies. The right kidneys were hemisected sagittally across the papillae and fixed in Bouin's fixative for 4-5 hr and placed overnight in 70% ethanol. Then, paraffin sections (3 pm thick) ' were stained with Mayer's hematoxylin (24) and eosin and periodic acid-Schiff (PAS) (34) . The remaining right kidneys were fixed in phosphate-buffered neutral 10% formalin for 8-12 hr, and the paraffin sections prepared from them were stained with phosphotungstic acid-hematoxylin (PTAH) (35). The Bouin-fixed paraffin sections were used for immunohistochemical detection of BrdU-labeled DNA. The sections were incubated with anti-BrdU primary antibody including endonuclease in the solution (Amersham, UK) (12), followed by incubation with biotinylated secondary antibody and pe?; oxidase-labeled streptavidin (ICN Biomedicals In&, CA, USA). After the immunohistochemical reaction, the sections were counterstained with PAS. As positive control for the BrdU detection, we used sections from the same rat stomach which has normally regenerative activity in the neck region of the gastric glands. The negative staining was confirmed by substituting phosphate-buffered saline for the primary antibody. Specimens for study by electron microscopy and oxine-fluorescence histochemistry were obtained from each left kidney. For electron microscopy, small blocks cut through the cortex to the medulla of the kidney, 1.0 x 1.0 x 5.0 mm in size, were fixed with Cacodylate-buffered (0.1 M, pH 7.4) glutaraldehyde solution (2.5%) for 2 hr and postfixed with cacodylate-buffered osmium tetroxide (1.0%) for 1 hr. After embedding in Epon 812 (TAAB, UK), ultrathin sections were cut, stained with uranyl acetate and lead citrate, and examined using an electron microscope (1200CX, JEOL, Japan). Transverse blocks of the remaining left kidney were frozen in liquid nitrogen, and fresh frozen sections (5 pm thick) were used for oxine-fluorescence histochemistry employing the method of Hamada et a1 (15) to detect Cd localization in the tubular cells.
Quantitative Study of Cd in Urine and Kidney.
Spontaneous urine samples were collected in clean plastic dishes just before daily injection of Cd (3-5 PM). After 10-fold dilution with 0.1 N HNO!, the urinary Cd concentration was estimated using a flameless atomic absorption spectrophotometer (Z-9000, Hitachi, Japan) (39) . Urinary creatinine for correction of the urinary Cd concentration was measured according to Jaffe's method (1) using an autoanalyzer (5 170, Hitachi, Japan), and the data were presented as pgCd/mg creatinine. Means of the values for the last 3 days of exposure in each week were used for evaluation of urinary Cd changes. The tissue specimens including the cortex and the outer stripe of the medulla were freeze-dried, weighed, and ashed by a plasma asher (PLT-~sN, Yanaco, Japan). After the ash had been dissolved in 0.1 N HN03, the Cd concentration was measured using a flame absorbance spectrophotometer (2-8000, Hitachi, Japan). The data were presented as pgCd/g dry tissue. All reagents used for the Cd quantification were of analytical grade. All of the urine and tissue samples for Cd analysis were stored at -80°C until use.
Sentiquantitative Study of Histological Speci-'rtzens.
For each exposure period, the numbers of cells showing apoptosis, mitosis, and BrdU-positive nuclei were counted in 20 microscopic fields. In detail, using the Bouin-fixed sections double-stained with BrdU and PAS and employing a light micro-?do& (Vanox-S AH, Olympus, Japan), 4 microcopic fields ( x 200) were selected at random in each df the 5 areas evenly distributed along the outer stripe of the outer zone. The area of the microscopic field was measured using a stage micrometer, and the number of cells undergoing apoptosis per square millimeter was calculated. In the same field, the total number ofproximal tubular cell nuclei (nuclear density) was counted, and mitoses per total nuclei (mitotic index) and BrdU-positive nuclei per total nuclei (BrdU labeling index) were calculated. Only cells showing the typical morphological appearance of apoptosis and mitosis were counted.
Statistical Analysis. The quantitative data are presented as means f SD. Differences between 2 groups were evaluated by Student's t-test. Changes in kidney Cd were evaluated by the linearity of the Cd concentration at each of 3 successive exposure times using the GLM procedure (13) of SAS (SAS Institute, NC, USA). Differences were regarded as significant at p-values of 0.05 or less.
RESULTS

Light Microscopy
Histopathological changes were evident after 4 wk of exposure to Cd and were localized predominantly in the proximal tubules in the outer stripe of the outer zone. The distribution of the pathological changes was best demonstrated in low-power fields of transections through the cortex to the medulla stained with PTAH ( Fig. 1) . At 4 wk of exposure, some proximal tubules of the outer stripe near the cortex were weakly stained, indicating depletion of mitochondria in the lining cells. Thereafter, the le-sion extended progressively to involve all the tubules in the outer stripe. Many condensed cells were observed only in the affected tubules ( Fig. 1 b, c) . A small number of the affected proximal tubules in the outer stripe were intermingled with intact tubules at 4 wk of exposure (Fig. 2b ). The condensed cells were shed into the tubular lumen or were pushed out against adjacent tubular cells. The affected cells showed shrinkage of cell volume, condensed nuclei, . and intensely eosinophilic cytoplasm, suggesting apoptosis ( Fig. 2c ). During the development of apoptosis, epithelial cells with enlarged nuclei, clear cylgplasm, and mitotic figures appeared in the same tthiles, indicating that epithelial regeneration was occurring. Their brush borders were short and irregular, allowing easy distinction between the affected tubules and intact tubules ( Fig. 3b ). At 8 wk of exposure, most of the proximal tubules in the outer stripe were affected and consisted of regenerating cells ( Figs. 2c and 3c ). Although the number of apoptotic bodies increased slightly from 4 to 8 wk of exposure, most cells that had died due to apoptosis were shed from the epithelial lining. No tubular necrosis, interstitial fibrosis, nor inflam-TOXICOLOGIC PATHOLOGY matory cell infiltration was found during the 8-wk exposure period. Apoptosis was scarcely evident in the sections from control rats. The glomeruli showed no significant changes in the control nor the exposure groups.
BrdU I??i??iii?~o~iistoc~ie?nist~
In the sections from control rats, nuclei showing BrdU incorporation were rarely found. In the experimental groups, the numbers of BrdU-positixe. nuclei increased gradually after 4 wk of exposcre. At 8 wk of exposure, most of the proximal tubules in the outer stripe showing regenerative changes contained cells with BrdU-positive ,nuclei (Fig. 4) . Epithelial labeling of distal tubules or collecting ducts and interstitial labeling were also scattered, but there was no increase with prolonged exposure time.
Electron Microscopy
Ultrastructural examination confirmed that the shrinkage of cells in rats with Cd intoxication was consistent with apoptosis and localized in segment S3 of the proximal tubular epithelium. The shrunken cells had electron-dense cytoplasm with compact cytoplasmic organelles and condensed nuclear chromatin, but the membranous profile of the organelles was well preserved (Fig. 5) . The apoptotic cells present freely in the lumen showed dilatation of the smooth endoplasmic reticulum (sER) and swelling of the mitochondria and contained autophagic vac-.u.oles (Fig. 6a) . A few membrane-bound apoptotic bli';iies, which included fragments of degraded cell organelles, were seen in the cytoplasm of the adjacent regenerating epithelium (Fig. 6b) . The regenerating cells lining the affected tubules had electronlucent cytoplasm and large euchromatin-rich nuclei with prominent nucleoli. Their sparsely distributed mitochondria contrasted with those of the apoptotic cells (Fig. 7) . The borders between the regenerating cells appeared smooth, lacking basolateral infoldings and junctional complexes. Some of the regenerating epithelial cells contained abundant sER, which was scattered diffusely, almost filling the cytoplasm, or presented focally as small aggregates. These sER aggregates were also found in apoptotic cells present freely in the lumen (Fig. 6a ). The basement membrane was intact, and no interepithelial macrophage was found.
Histochemistry for Cd Usiiig Oxiiie
In the sections from control rats, no oxine reactivity was observed in any part of the kidney. The apoptotic cells in the lumen showed prominent flu: orescence. At 6-8 wk of expgsure, the regenerating epithelium showed variable fluorescence from tubule to tubule and from cell to cell (Fig. 8 ). Cd was not detected histochemically in glomeruli, distal tubules nor collecting ducts.
Sein iquan t it at ive St tidies of
Histological Specimens Figure 9 summarizes the counts of apoptotic cells and total nuclei in the proximal tubular epithelium per square millimeter of the outer stripe every week from 4 wk of exposure onward. The counts of apoptotic cells and nuclei increased progressively. Before 4 wk of exposure, no significant increase was found. The BrdU labeling and mitotic indices are ,illustrated in Fig. 10 . The mitotic index increased linearly after 4 wk of exposure to Cd, but the BrdU labeling index showed a striking increase after 5 wk of exposure. The statistical analysis is summarized in Table 1 Cd Qttaiitifcatioii Figure 11 shows the results of quantification of Cd in the urine and the renal cortex. The urinary Cd increased markedly after 3 wk of exposure, and the tissue level of Cd increased throughout the exposure period. Although statistical analysis of the tissue Cd level by test of linearity revealed no significant difference for any particular weeks of exposure, the p-value at 3-5 wk (p = 0.054) was lower than at any other time (Table 11) . a feature of cell death and that apoptosis was the initial form of cell death occurring in kidney proximal tubular cells of rats with subchronic Cd intoxication.
In the present study, the morphological effects of Cd intoxication, apoptosis and regeneration, occurred predominantly in segment S3, situated in the outer stripe of the outer medulla. Selective effects on segment S3 have been observed in cis-diamminedichloroplatinum ( 5 2 1 ) and inorganic mercury poisoning (4), which are characterized by tubular necrosis. On the other hand, it has been reported that a single injection of Cd-metallothionein produces tubular necrosis in the convoluted portion of the proximal tubules, which is not provoked by the same dose of inorganic Cd (2, 3). These differences in target site and type of cell death might result from differences in toxic potential of the agents and method of administration.
Although the features of the dead cells observed here were consistent with those characteristic of apoptosis, the apoptotic bodies usually seen in migrating macrophages or adjacent cells (6, 30, 40) were rarely formed in the tubular epithelium. It is considered that most of the dead cells were exfoliated into the lumen instead of being phagocytosed. This has also been reported in rat renal proximal tubular cells with hydronephrosis (1 1) and with decalin exposure (7). In our study, the basement membrane was intact and no macrophage infiltration was found in the tubular epithelium. Furthermore, since the regenerating tubular cells actively proliferated and replaced the epithelium, the dead cells seemed to be pushed out into the tubular lumen. The cell interfaces between the regenerating cells and the dead cells were simple without any cytoplasmic infoldings or junctional complexes. Zit vitro experimental studies using proximal tubular cells have shown that Cd damages F-actin and disrupts intercellular junctions (25, 29) . These junctional changes might result in easy detachment of dead cells from the tubular lining.
Urinary Cd'increased significantly from 3 to 5 wk of exposure, when an increased number of apoptotic cells appeared freely in the lumen. Histochemical staining for Cd revealed that these apoptotic cells in the lumen contained a large amount of Cd. The appearance of Cd in urine is evidence of existing renal damage resulting from exposure to Cd (9, 31). Metallothionein as well as Cd in urine is known to be drastically increased after the occurrence of tubular damage (32). This is accompanied by increased excretion of cytosolic and lysosomal enzymes such as lactate dehydrogenase and N-acetyl-&D-glucosaminidase, indicating that the urinary enzymes and metallothionein as well as Cd originated from damaged tubular cells (32). We did not analyze metallothionein in the apoptotic cells nor in the urine; however, there is a possibility that some part of urinary Cd, at least, is of damaged tubular cell origin. Furthermore, apoptosis might play an important role in the effective excretion of Cd. Cd is incorporated within the intact cell membrane during passage through the lumen ofthe proximal tubule, perhaps asa form of conjugation with metallothionein or other Cdbinding proteins. Therefore, Cd concentrated within the exfoliated apoptotic cells is thought to be difficult to reabsorb by the proximal tubular cells. Although the fate of the Cd-containing apoptotic cells is still unknown, they may undergo destruction or secondary necrosis (6, 21) in the lower nephron, which has little absorptive activity.
Proliferation of sER in cells of the renal proximal tubule has been recognized as a cellular response to many substances (8, 17,21,33) . Segment S3 in particular contains markedly inducible microsomal enzymes related to sER hypertrophy, similar to those of liver cells for detoxification (16). Smooth endoplasmic reticulum proliferation was found in the cytoplasm of both regenerating cells and dead cells in segment S3. This implies that the regenerating cells seen after cell deletion by apoptosis also underwent apoptosis. The progressive increases in the mitotic index, the BrdU labeling index, and nuclear density proved that the tubular epithelium, even with continuous Cd exposure, is capable of recovery and replacement of deleted cells for at least 8 wk of exposure. It is noteworthy that, while some cells underwent apoptosis, others regenerated under the same conditions and that the newly recovered cells.. again underwent apoptosis. Some investigators ha;e reported that proteinuria and aminoaciduria disappear after cessation of exposure to Cd and that the effects of this heavy metal can be reversible (27, 37). The prominent epithelial regeneration might partly explain the reversibility of the effect of Cd on renal function. Renal atrophy has been observed in humans (20) and beagle dogs (1 5 ) with chronic Cd poisoning. However, in the rat, few investigators have reported renal atrophy even after long-term exposure. It is thought that whether renal atrophy takes place or not depends on the regenerative activity ofthe tubular epithelium in the animal species studied.
At 4 wk of exposure, the renal Cd concentration reached 600 p g / g dry tissue, when the histopathological changes were first detected and effective urinary Cd excretion was observed. Therefore, on the basis of histopathological changes, the critical concentration was found to be 600 p g / g dry tissue. Thereafter, the rate of increase in the tissue Cd concentration had a tendency to decline, reflecting the increase of effective urinary Cd excretion through apoptosis. The critical Cd concentration estimated in the present study was about 4 times higher than that in other investigations (14, 36). However, considering the different estimation ofCd concentration as pg/g dry tissue or p g / g wet tissue, our result seems to be consistent with the proposed critical concentration of 200-300 pgCd/g wet weight (9, 10).
